Wasted non-woven material was employed to develop a dynamic filter immersed in bioreactor (DFIB) to treat low strength wastewater. A bench-scale DFIB was investigated to evaluate its feasibility. The maximum permeate flux of this innovative DFIB was more than 3 times greater than that of a conventional non-woven filter and even similar to that of a mesh filter, while the effluent quality of the developed DFIB in terms of turbidity, SS, and COD was better than that of a mesh filter, which were below 1.5 NTU, 3 and 35 mg/L, respectively. Such effluent quality with appropriate disinfection could meet the requirement for wastewater reuse for various urban usages. The acceptable MLSS level was identified not greater than 5 g/L in order to secure the effluent quality, when the maximum permeate flux of 1.5 m 3 /m 2 ·day and daily backwash are applied. The large permeate flux rate and relatively high MLSS level of the DFIB can achieve cost-effective treatment of low strength wastewater.
Introduction
In Hong Kong, 80% of the fresh water is imported from the Dongjiang River in Guangdong province of China. Due to fast economic development in the river basin, water demand in the region is escalating, thereby impact the raw water supply to Hong Kong in terms of both quality and quantity in the future. Water reuse and recycling is thus deemed necessary in Hong Kong. Reuse and recycling of low-strength wastewater including sewage treatment works effluent, greywater and storm water are the most cost-attractive options for wastewater ruse in Hong Kong. Membrane bioreactors (MBR) have been developed as the key promising technology for wastewater reuse and recycling. MBR can produce excellent effluent quality and require small footprint but its capital and operational costs are still high. Such high costs mainly attribute to a high membrane cost, a low permeate flux, a short life span of membrane, and strong aeration, among which membrane replacement and aeration cost may account for about 90% of the total operational cost.
To reduce the high cost of MBR, use of low-cost sludge/water dynamic filters to substitute the membrane modules as well as to reduce the high aeration strength may provide a tentative solution before membrane price becomes substantially low and the life span extends longer than 10 years. Seo et al. (2002) have successfully applied non-woven fabric membrane in separating treated water from activated sludge mixed liquor. A nonwoven membrane with irregular coarse pore sizes (usually , 10 mm) usually functions as a dynamic filter with appropriate backwash, which filtration process is realized through dynamically accumulated biomass or "biofilm" on the filtering media surfaces (Daido et al., 2000) . This dynamic filtration process has certain advantages, such as low installation and operation costs and high permeate fluxes. Although suspended solids and bacteria rejection ability of such a dynamic filter-based process are inferior to an MBR, the effluent quality in terms of SS and COD removal is still comparative.
The dynamic filtration technology can be further improved in the following three aspects: 1) finding cheaper filtering media; 2) improving the permeate flux; and 3) minimizing the aeration strength for filter cleaning. The purpose of this study is, therefore, to develop such a process by using wasted non-woven materials to develop a dynamic filter. This paper mainly reported the feasibility of the proposed DFIB process through examination of the maximum permeate flux and maximum biomass concentration and the permeate quality, using a lab-scale system.
Materials and methods

Experimental setup
A schematic diagram of the developed DFIB is shown in Figure 1 . The non-woven membrane module was submerged in an aerated bioreactor with an effective volume of 30 L. The filter was made of the wasted non-woven material having irregular pore sizes of 1 to 10 mm. A microscopic image of this filtering material is shown in Figure 2 . The effective filtering area was 0.15 m 2 . To strengthen the performance of this filter, a layer of sponge spacer was inserted between the non-woven membrane and a rigid support.
The lab-scale system was operated with an 8 hr hydraulic retention time (HRT). Backwashing of the filter was made daily. A peristaltic pump was used to generate the filtrate. An aeration rate of 5 L/min was applied to maintain the DO level at 3 mg/L. The temperature of the reactor was kept at 20 8C. Synthetic wastewater was fed continuously into the bioreactor, which was prepared from glucose as the main carbon source and ammonia chloride as the main nitrogen source. COD, ammonia and total phosphate concentrations of the synthetic wastewater were 300 mg/L, 33 mgN/L and 5 mgP/L, respectively, which simulated the sewage quality in Hong Kong. Sodium bicarbonate was added as an alkali source to maintain the pH at about 7.
Analytical methods
Sludge taken from a local sewage treatment plant was seeded in the bioreactor. During the operation of the DFIB, suspended solids and turbidity in the effluent were measured regularly to evaluate the effluent quality of the DFIB. Ammonium, nitrate, nitrite and total Kjeldahl nitrogen (TKN), COD, and TOC in the influent and effluent were measured periodically to evaluate the nitrogen and carbon removal efficiencies. MLSS, DO and pH in the bioreactor were constantly monitored during the operation. TOC was measured by a total organic carbon analyzer (TOC-V CPH, Shimadzu), while COD was analyzed with a Hach method. Turbidity was measured using a turbidity meter (2100P Hach). Nitrate, nitrite, ammonia, and TKN after digestion were measured by a flow injection analyser (FIA) (QuikChemw 8000 FIA þ , Lachat). All other parameters were measured following the Standard Methods (APHA, 1998). In addition, the structure of the non-woven membrane was investigated by a Scanning Electronic Microscopy (SEM) (see Figure 2 ). Head loss of the filter was monitored by vacuum gauges, which were connected to the effluent pipe.
Results and discussion
Effect of permeate flux
This system was respectively operated for 60 -90 days for each different MLSS level and permeate flux. During each operation, excess sludge was wasted daily in order to maintain a desired biomass concentration. The trans-membrane pressure ranged from 1-5 mbar. When the filter was clogged, a maximum trans-membrane pressure of 8 mbar was detected; when the trans-membrane pressure exceeded 10 mbar, effluent SS increased significantly. In all theses experiments, the operation can be divided into 2 different phases: a start-up phase (0-15 mins) and a stable phase (after 15 mins). In the start-up phase the turbidity of the effluent was initially higher than 5 NTU and then dropped shapely, corresponding to a built-up of biomass over the filter surface (see Figure 3a ). In the stable phase, the turbidity gradually decreased to a low level, as shown in Figure 3b . The difference of the mean turbidity in different operation days was only 0.2 NTU (see Figure 4 ).
In order to find out the maximum acceptable permeate flux, six different permeate fluxes (0.5, 0.7, 1.22, 1.35, 1.5 and 2.0 m 3 /m 2 ·day) were investigated under the same operation conditions. The MLSS was kept at 4 g/L while the F/M ratio was about 0.2. Figure 5 shows the mean turbidity variations under the different permeate fluxes. The fluxes decreased gradually until the filter was fully clogged. Backwashing was made by back-flushing of the permeate. The results showed that the higher the flux was applied, the higher the effluent turbidity was generated. Under the permeate flux of 2.0 m 3 /m 2 ·day, the filter could only operate for about 14 hrs. If the operation continued, the effluent turbidity increased significantly, because biomass retained on filter surface would become significant, thereby causing the filter clogged and resulting in an increase in the suction pressure from 1-5 to 10 mbar (see Figure 6 ).
Similar phenomena were also observed by Fuchs et al. (2005) . If the suction pressure built up continuously beyond a certain critical level, high effluent turbidity appeared, as shown in Figure 6 . Thus, the 1.5 m 3 /m 2 ·day flux was regarded as the maximum level in this study, which was much higher than 0.4 m 3 /m 2 ·day of a conventional MBR and similar to the maximum permeate flux of a mesh filter with a pore size of 30 mm and a permeate flux of 1.5 m 3 /m 2 ·day (Fuchs et al., 2005) . However, such a high permeate flux resulted in the effluent SS of 12 mg/L in the mesh filter, which was much higher than that of the DFIB with an average effluent SS level of 3.2 mg/L) (see Figure 4 ). With this 1.5 m 3 /m 2 ·day flux, the mean effluent turbidity was 1.5 NTU. In general, such a high flux could not be achieved in a conventional non-woven filter due to its small pore size. The maximum flux for stable operation of a conventional non-woven filter was only 0.42 m 3 /m 2 ·day (Alavi Moghaddam et al., 2002 , 2003 . Therefore, the developed nonwoven filter performed better than the conventional non-woven filters.
Effect of biomass concentration
In this study, five different MLSS levels (2, 3, 4, 5 and 6 g/L) were examined under a permeate flux of 1.5 m 3 /m 2 ·day. The effect of MLSS on the effluent turbidity is shown in Figure 7 . It was found that an increase in the biomass concentration increased the effluent turbidity. When the MLSS did not exceed 5 g/L, the operation could be stable for 24 hrs. The mean effluent turbidity for the MLSS levels below 5 g/L did not exceed 1.5 NTU, as shown in Figure 7 . This finding is consistent with that reported by Ozaki and Yamamoto (2001) .
Under a fixed permeate flux, the amount of biomass accumulated on membrane surface should be similar. However, when the MLSS level was great than 5 g/L, the permeate flux declined rapidly and the suction pressure then became so large, resulting in a significant increase in the effluent turbidity. Such a high MLSS concentration might induce larger amount of fine flocs passed through the filter, thus elevating the effluent SS (Fuchs et al., 2005) . Since the second sponge filter layer could retain the fine flocs to This accumulation could increase the suction pressure. When the suction pressure became larger than 10 mbar, the biomass attached on the filter surface and accumulated in the sponge layer could be sucked out, thereby leading to the high effluent turbidity.
The above results show that the maximum MLSS level should not be greater than 5 g/L, which is consistent with the conclusion of Daido et al. (2000) . At this MLSS level, the F/M ratio was 0.18 g COD/g MLSS d while the sludge age was 45 days. For a conventional MBR, its F/M ratio is kept below 0.1 g COD/g MLSS d so as to minimize the sludge production (Yoon, 2003) . The F/M ratio can influence the filter performance as it affects the floc size (Huang et al., 2001) . A high F/M ratio is in favour of large floc development. The higher F/M ratio in the DFIB may improve the effluent quality (Fuchs et al., 2005) . This means that the DFIB process should be operated under a relatively low MLSS rather than a high MLSS.
Evaluation of treatment capacity Figure 9 summarizes the treatment performance of the DFIB setup, which was continuously operated at the permeate flux of 1.5 m 3 /m 2 /day and 5 g/L MLSS. The results indicate that the developed DFIB can reject the permeation of SS effectively, as the maximum effluent SS was about 5 mg/L (99% SS removal), corresponding to the maximum effluent COD concentration of 35 mg/L (88% COD removal). Compared with the secondary sewage treatment in Hong Kong, which effluent SS and COD concentrations are about 30 and about 70 mg/L, the performance of the developed DFIB is satisfactory. Under appropriate operation conditions, the effluent SS and turbidity could be below Figure 9 Effluent nitrogen concentrations with average influent TKN and ammonium nitrogen of 38 mg/L and 33 mg/L 3 mg/L and 1.5 NTU, respectively while the effluent COD could be below 35 mg/L. The developed DFIB with the wasted no-woven material performed better than a mesh filter which effluent SS and COD concentrations were about 10 and 40 mg/L (Fuchs et al., 2005) .
